Abstract. Glaucoma is an optic neuropathy and a major cause of blindness globally. Trabecular meshwork cells are important in maintaining aqueous humor flow, the dysfunction of which tends to induce glaucoma. As important regulators of gene expression, microRNAs may be crucial in regulating trabecular meshwork cells. The present study aimed to reveal the effect of microRNA-93 (miR-93) on glaucoma trabecular meshwork (GTM) cell apoptosis. The expression levels of miR-93 were compared between human trabecular meshwork (HTM) cells and GTM cells. The expression of miR-93 was inhibited and increased by transfecting the cells with a lentivirus containing its specific inhibitor sponge and expression vector to investigate changes in GTM cell viability and apoptosis. Alterations in the protein expression of nuclear factor erythroid 2-like 2 (NFE2L2) were also examined to elucidate the possible mechanism underlying the effects of miR-93. The results showed a marked promotion in the expression of miR-93 in the GTM cells, compared with the HTM cells (P<0.01). GTM cell viability was increased and its apoptosis was inhibited by transfection with the miR-93 sponge (P<0.01 and P<0.001, respectively), whereas the overexpression of miR-93 abrogated these effects (P<0.05 and P<0.0001, respectively). The expression of NFE2L2, a possible target of miR-93, was promoted by transfection with the miR-93 sponge (P<0.01) and was inhibited in the cells overexpressing miR-93 (P<0.01). Therefore, miR-93 was capable of inhibiting viability and inducing apoptosis of the GTM cells, which was achieved via the suppression of NFE2L2. These results elucidated the pro-apoptotic effects of miR-93 in GTM cells and its possible functional mechanism, providing potential therapeutic targets for the treatment of glaucoma.
Introduction
Glaucoma is an optic neuropathy, which has typical structural and functional defects, and has long been the second leading cause of blindness after cataracts (1) , with almost 60,000,000 individuals affected and 8,400,000 with bilateral blindness worldwide in 1979 (2) . As a result of its asymptomatic and chronic characteristics, glaucoma is difficult to diagnose at an earlier stage. Glaucoma is divided into two major forms: Open-angle glaucoma and angle-closure glaucoma, which are associated with the death of a substantial number of retinal ganglion cells in the inner retina and the loss of their axons in the optic nerve (2) . Glaucoma is considered to be induced by an increase in intraocular pressure. Trabecular meshwork cells can regulate aqueous humor outflow and control intraocular pressure (3), however, the degradation of these cells, for example in primary open-angle glaucoma, leads to the loss of aqueous humor drainage and results in a consequent increase in intraocular pressure (4, 5) . Therefore, preventing the loss of trabecular meshwork cells is pivotal for controlling glaucoma.
MicroRNAs (miRNAs) are small non-coding RNA molecules, which guide argonaute proteins to their target RNAs and modulate gene expression post-transcriptionally (6) . They are generated from transcription by RNA polymerase and are cleaved by ribonucleases, Drosha and Dicer, from primary miRNA into precursor miRNA, and then to mature miRNA (7) . The regulatory mechanism of miRNAs may vary among different target RNAs, cells and conditions (8) . miRNA regulation is important in the altered gene expression, which occurs in disease (9) , and may be more effective than gene methylation or histone modification (10) . miRNAs are vital in trabecular meshwork cell regulation, as revealed in previous studies. A previous study showed that miR-200c significantly decreases intraocular pressure via regulation of its targets; including Zinc finger E-box binding homeobox 1 and 2 (11). Several miRNAs have been shown to be aberrantly expressed in human trabecular meshwork (HTM) cells with stress-induced premature senescence (12) , of which miR-183 regulates integrin β1 and thus modulating the senescence of HTM cells (13) . Despite these previous studies involving miRNAs, the association between miRNAs and HTM cell proliferation and apoptosis remains to be elucidated.
miR-93 has been investigated in human colon cancer stem cells and non-small cell lung cancer cells. It is downregulated in the former cells, with its overexpression leading to inhibited cell proliferation and colony formation (14) , whereas the overexpression of miR-93 in the latter cells inhibits the expression of tumor suppressor candidate 2 (15) . In this context, the present study hypothesized that miR-93 is involved in the regulation of glaucoma trabecular meshwork (GTM) cell apoptosis. To elucidate the role of miR-93 in GTM cell apoptosis, a lentivirus containing the miR-93-specific inhibitor sponge and expression vector were transfected into GTM cells to monitor the effects on cell viability and apoptosis. In addition, the expression of a possible associated factor in these processes was examined to determine the functional mechanism of miR-93. The results of these investigations may provide a basic understanding of the role of miR-93 in regulating GTM cells.
Materials and methods
Cells. The HTM and GTM cells were provided by Zhongshan Ophthalmic Center of Sun Yat-sen University (Guangzhou, China). The cells were cultured in Dulbecco's modified Eagle's medium (DMEM)/F12 supplemented with 20% fetal bovine serum in a humidified atmosphere with 5% CO 2 at 37˚C. The cells were passaged when their confluence reached 70% and were washed twice with D-Hanks solution.
Lentivirus transfection. The lentiviral vectors specific for pre-miR-93 and miR-93 sponge were constructed by GenePharma (Shanghai, China). Prior to transfection, the GTM cells were transferred to 24-well plates (1x10 5 cells/well) and cultured for 24 h. The lentivirus suspension was added to the cells using Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol, and blank lentivirus was used in the control group. Following incubation for 24 h at 37˚C, the suspension in the wells was replaced with DMEM/F12 medium and the cells were cultured for another 48 h at 37˚C. The transfection efficiency was monitored using a fluorescence-activated cell sorter (BD FACSCanto II; BD Biosciences, San Jose, CA, USA), and the cells were collected for further analyses.
Cell viability assay. The transfected GTM cells were adjusted to the concentration of 5x10 4 /ml, transferred to 96-well plates (200 µl per well), and cultured at 37˚C for 24, 48, 72 and 96 h. Fresh medium containing 0.5 mg/ml methyl thiazolyl tetrazolium (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) was added to each well and the cells were incubated at 37˚C for 4 h, following which the reaction was terminated using 200 µl dimethyl sulfoxide. The optical density at 570 nm was detected for each well using a microplate reader (Molecular Devices LLC, Silicon Valley, CA, USA).
Cell apoptosis assay. The transfected GTM cells were transferred to 24-well plates 48 h following transfection, at a density of 2x10 5 cells per well. Cell apoptosis was analyzed using the annexin V-fluorescein isothiocyanate (FITC)/prodium iodide (PI) dual staining method with an Annexin V:FITC Apoptosis Detection kit II (BD Biosciences) according to the manufacturer's protocol. The cells were then analyzed using the BD FACSCanto II. The percentages of apoptotic cells (annexin V positive and PI negative) were compared.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
The microRNAs of the HTM and GTM cells were extracted using RNAiso for small RNAs (Takara Biotechnology Co., Ltd., Dalina, China) and reverse transcribed using a One Step PrimeScript miRNA cDNA synthesis kit (Takara Biotechnology Co., Ltd.) according to the manufacturer's protocol. qPCR analysis was performed with SYBR Green I Mastermix (Roche Diagnostics GmbH, Mannheim, Germany) using a LightCycler 480 (Roche Diagnostics, Basel, Switzerland). The total reaction volume was 10 µl which consisted of 0.25 µM each primer and approximately 5 ng of template cDNA. Accordingly, the thermocycling profiles were as follows: Denaturation at 95˚C for 5 min; 45 cycles of 95˚C, 60˚C for 20 sec and 72˚C for 20 sec, the melt curve protocol was 95˚C for 5 sec, 65˚C for 1 min and reheating to 97˚C. Finally, the temperature was reduced to 40˚C and maintained for 10 sec. The specific primers for miR-93 was synthesized as forward 5'-AGT CTC TGG CTG ACT ACA TCA CAG-3' and reverse 5'-CTA CTC ACA AAA CAG GAG TGG AATC-3'. U6 (forward 5'-CTC GCT TCG GCA GCACA-3' and reverse 5'-AAC GCT TCA CGA ATT TGCGT-3') was used as the internal control. Data were analyzed using the 2 -ΔΔCq method (16) .
Western blot analysis. The online tool microRNA.org (www.microrna.org/microrna/home.do) was used to predict the target gene for miR-93, and was used to select the specific primary antibody for the present study. Protein samples of the infected GTM cells were prepared using RIPA lysis buffer (Beyotime Institute of Biotechnology, Inc., Shanghai, China). The protein contents were quantified using the BCA Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc.). A protein sample of 20 µg was loaded in each lane for separation of the samples by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, following which they were transferred onto a polyvinylidene fluoride membrane. The membrane was blocked in 5% skim milk for 2 h at room temperature and incubated with anti-NFE2L2 (monoclonal; rabbit anti-human; 1:1,000; cat. no. ab62352) or anti-GAPDH (internal reference; monoclonal; rabbit anti-human; 1:10,000; cat. no. ab181602) primary antibodies (Abcam, Cambridge, UK) at 4˚C overnight. Following washing with a buffer containing 0.1% Tween-20, 20 mM Tris-HC and 137 mM NaCl (TBST), the membrane was incubated in horseradish peroxidase-conjugated secondary antibody (polyclonal; goat anti-rabbit; 1:10,000; cat. no. ab97051) for 1 h at room temperature. Signals were developed using ECL Plus western blotting substrate (Thermo Fisher Scientific, Inc.) and the intensity of bands was analyzed using the ChemiDoc XRS system (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Statistical analysis.
All experiments were repeated in triplicate, and results are presented as the mean ± standard deviation. Statistical analysis was performed using SPSS 19.0 software (IBM SPSS, Armonk, NY, USA) using one-way analysis of variance. P<0.05 was considered to indicate a statistically significant difference.
Results

miR-93 is upregulated in GTM cells.
Prior to investigating the functions of miR-93, the expression levels of miR-93 in HTM and GTM cells were compared using RT-qPCR analysis (Fig. 1) . The expression of miR-93 was significantly upregulated in the GTM cells, which was almost four times higher, compared with that in the HTM cells (P<0.01). This indicated the association between miR-93 and glaucoma; therefore, it was necessary to reveal the roles of miR-93 in GTM.
miR-93 inhibits viability and promotes apoptosis of GTM cells.
To investigate the role of miR-93 in GTM cells, miR-93 was inhibited and overexpressed by transfection with its specific inhibitor sponge and expression vector, respectively. Alterations in the expression of miR-93 were analyzed using RT-qPCR analysis (Fig. 2) . The results indicated the successful inhibition and overexpression of miR-93, with its expression levels significantly reduced following miR-93 sponge transfection (P<0.001), and recovered to the original level following co-transfection with the miR-93 sponge and pre-miR-93 vector (P<0.01). Therefore, these three groups of transfected cells were suitable for use in the following experiments. GTM cell viability was monitored during the 96 h time period following transfection (Fig. 3A) . The viability of the GTM cells in the control group gradually decreased from 48 h post-transfection. By contrast, the cells with inhibited miR-93 showed marked promotion of cell viability, which was significant higher, compared with that in the control group (P<0.01). The results also showed that cell viability was inhibited when miR-93 was overexpressed (P<0.05), which indicated that miR-93 was capable of inhibiting GTM cell viability. At 96 h post-transfection, the percentages of apoptotic cells were also examined using annexin V-FITC/PI staining (Fig. 3B) . Compared with the control group, cell apoptosis was inhibited when miR-93 was suppressed (P<0.001). However, in the cells overexpressing miR-93, the effects of the miR-93 sponge was abrogated, with the percentage of apoptotic cells significantly increased (P<0.001), and an increase in cells in the late stage of apoptosis. Taken together, these results indicated that miR-93 induced the apoptosis of GTM cells and inhibited their viability, suggesting it is an important regulator in glaucoma.
miR-93 suppresses the expression of NFE2L2.
The present study subsequently investigated the regulatory mechanism of miR-93. As a previous study reported that NFE2L2 is a target gene of miR-93 during breast carcinogenesis (17) , the protein expression levels of NFE2L2 were analyzed in the transfected GTM cell groups in the present study (Fig. 4) . The results indicated that the expression of NFE2L2 was promoted in the GTM cells with inhibited miR-93 (P<0.01) and was suppressed when miR-93 was overexpressed in the cells (P<0.01). These results suggested that miR-93 inhibited NFE2L2 in the GTM cells, which may be the possible functional pathway underlying the effect of miR-93 on regulating glaucoma.
Discussion
In the present study, miR-93 was found to be upregulated in GTM cells. The inhibition of miR-93 resulted in the promotion of cell viability and suppression of cell apoptosis, whereas the overexpression of miR-93 abrogated these effects. miR-93 was further found to suppress the expression of NFE2L2, which provides a possible clue to the functional mechanism of miR-93 in regulating GTM cells.
NFE2L2 is a regulator mediating the transcription process of cytoprotective genes, which has been well-characterized in previous studies of oxidative stress. Oxidative stress, together with mitochondria impairment and pathogenic events, contributes to a complex network of mechanisms leading to glaucoma (18, 19) . Under quiescent conditions, NFE2L2 localizes in the cytoplasm anchored by Kelch ECH associating protein 1 (KEAP1). When the cells are stimulated by chemical signals, NFE2L2 escapes from KEAP1 and is translocated to the nucleus, where it activates the expression of target genes to enhance cell survival (20) . To be specific, NFE2L2 prevents chromium (VI)-induced cell apoptosis and oxidative stress via promoting the expression of cytoprotective genes, including heme oxygenase 1 and NAD(P)H: quinone oxidoreductase 1 (21) . It also assists in resistance against nitric oxide-dependent toxicity, thus preventing motor neuron apoptosis (22) . In tumor cells, NFE2L2 functions as an inhibitor of apoptosis, with its silencing leading to the suppression of tumor growth (23) . In the present study, the level of NFE2L2 was promoted when miR-93 was inhibited, which was accompanied by reduced GTM cell apoptosis. This result is concordant with those of existing reports that NFE2L2 acts as an anti-apoptotic factor (24) (25) (26) , and suggested that NFE2L2 was involved in the regulation of GTM cell apoptosis. As mentioned above, miRNAs execute their functions via regulating target genes post-transcriptionally. miR-93 can regulate vascular endothelial growth factor (VEGF) (27) and the phosphatase and tensin homolog/Akt pathway (28), thus modulating cell performance and disease progression. It also inhibits tumor growth in human colorectal cancer by suppressing the cell cycle-associated factor, cyclin B1, and cell proliferation-associated factors, Erb-B2 receptor tyrosine kinase 2, cyclin-dependent kinase inhibitor 1A and VEGF (29) . In the present study, miR-93 was found to inhibit the protein expression of NFE2L2. Although miR-93 was predicted to target the sequence 'CACUUU' of NFE2L2 using the online tool, microRNA.org (data not shown), whether NFE2L2 is directly bound and regulated by miR-93 remains to be elucidated. It is possible that other modulators regulated by miR-93 caused the observed downregulation of NFE2L2, which requires further investigation. However, based on the results of the present study, it was clear that miR-93 did function in GTM cells via regulating NFE2L2. The affected 
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NFE2L2 may have inhibited the expression of its target genes, which contributed to the effects of miR-93 as a promoter of cell apoptosis in the GTM cells. The dynamic and aberrant expression of miRNAs has been observed in various types of disease. The miR-23b/27b/24-1 cluster is downregulated in prostate cancer tissues, which can serve as a marker of progression and a tumor suppressor of this specific disease (30) . miR-93 is dynamically expressed during neural stem cell differentiation (31) . Similarly, in the present study, miR-93 was found to be upregulated in GTM cells, which was associated with its regulation of GTM cells by inhibiting cell viability and promoting cell apoptosis, possibly by suppressing the expression of NFE2L2. These specific expression profiles may provide tools for cell isolation, target gene modulation in specific stages and cell types, and gene therapy (32) . As for glaucoma, gene therapy is promising owing to the modification and improvement of transgene vector delivery methods, including canaloplasty, which are under investigation (33, 34) . Further investigations on the therapeutic targets of glaucoma are essential for the future implementation of gene therapy for glaucoma. It appears that miR-93 and its possible target, NFE2L2, discussed in the present study are significant as potential therapeutic targets for treating glaucoma.
In conclusion, the upregulation of miR-93 in GTM cells was associated with its regulatory functions on inhibiting cell viability and inducing cell apoptosis, which were possibly enabled by suppressing NFE2L2. These results elucidated the roles of miR-93 and its regulatory mechanism in GTM cells, providing fundamental information and potential therapeutic targets for treating glaucoma.
